demonstrate the fidelity and potential of the single cell culture system for 22 tracking blastomere fate decisions under defined conditions in vitro.
Numerous cell fate choices occur throughout the animal life. Early in development of diverse animal species, fertilization between a sperm and an egg 2 leads to the totipotent zygote, which undergoes continuous divisions and lineage restrictions, producing an increasing cell number and creating many different cell 4 types. A mammalian embryo undergoes two cell fate decisions until the blastocyst stage, generating two extraembryonic lineages, the trophectoderm (TE) 6 and primitive endoderm (PE), and an embryonic lineage, the epiblast for the future body 1 . The epiblast is pluripotent and generates three germ layers 8 (ectoderm, mesoderm and endoderm), neural crest (NC) and germline. It is a fundamental challenge in developmental biology when and how different cell 10 fates are precisely determined and regulated. Fate tracing in vivo is powerful for analyzing cell fate choices in developing embryos and adult tissues 2 . Recently, in 12 vitro fate tracing has been developed by using either whole embryos 3 or pooled cell populations [4] [5] [6] . In no organism has it so far been possible to culture single 14 blastomeres for extended period to trace cell fate choices. Here we chose medaka (Oryzias latipes) to establish a single cell culture system to trace 16 blastomere fate choices in vitro.
Medaka embryos are accessible for blastomere isolation 18
Medaka is an excellent lower vertebrate model for embryonic development 7 , stem cell culture 2,8-13 and has a unique embryology favoring blastomere isolation. 20
In many fish species including zebrafish, early blastomeres undergo meroblastic cleavages atop but not through the yolk 14 , which are incomplete cell divisions and 22 thus prevent blastomere isolation. In medaka, we found a seemingly intact yolk membrane from the 2-cell stage onwards after in situ hybridization with antisense RNA probes against various genes such as boule and dazl 15 fertilized eggs or one cell of the 2-cell embryos and the dye distribution was monitored at the 64-cell stage. The dye injected into the yolk near the cytoplasm 8 at the animal pole was transported to the future blastoderm (Figure 1a ), whereas the dye injected at the vegetal yolk was not (Figure 1b) , and the dye injected into 10 one cell of 2-cell embryos was restricted to daughter cells of the injected blastomere ( Figure 1c) . Taken together, a prominent yolk membrane is formed 12 and acquires its structural and physiological integrity at the first cleavage, which allows for blastomere isolation in subsequent stages. 14
Tracing fate choices of blastomere divisions in culture
We chose medaka strain HB32C for cell isolation and culture, a permissive strain 16 for blastula cell culture in gelatin-coated multiwell plates 10 . We first determined the developmental stages for the possibility and efficiency of single cell isolation 18 and cultivation. Isolated cleavage blastomeres were capable of survival and/or proliferation in single cell culture, producing an efficiency of 26%, 49% and 67% 20 for 16-, 32-and 64-cell blastomeres, respectively (Table 1) . Thus, blastomeres can reliably be isolated from 16-to 64-cell stages for single cell culture under 22 defined conditions. We began with the 16-cell stage (Figure 1e ) to examine cell divisions as the first fate choice of blastomeres. In many animals, both invertebrates and 2 vertebrates including Xenopus 16 and zebrafish 14 , all blastomeres until the midblastula transition undergo 10~12 abbreviated cycles of rapid synchronous 4 cell divisions without G1 and G2 phases and motility 16 . The cause and mechanisms for cell synchrony of abridged divisions have been a mystery since 6 long. In both Xenopus and zebrafish, rapid cleavages have been thought of as being controlled by a cytoplasmic clock, which operates independently of the 8 nucleus but dependent on the nucleocytoplasmic ratio 14, 16 . We found that medaka 16-cell blastomeres displayed considerable differences in morphology, 10 with their diameters ranging from 50 μm to 100 μm (Figure 1f 
Expression of key lineage regulators 6
In order to determine the molecular basis of the inherent potential for ES cells, YSL and pigment cells, we analyzed the RNA expression of nanog, oct4 sox17 8 and microphthalmia-associated transcription factor (mitf found that the transcripts of medaka oct4 and nanog were maternally supplied and expressed in cleavage embryos (Supplementary Figure 7) , consistent with 16 their reported expression 22-24 and the ES cell formation from cleavage blastomeres in single cell culture. Surprisingly, the transcripts of sox17 and mitf1 18 (one of the two medaka mitf genes due to an ancient whole genome duplication event in the fish lineage) were also maternal and persistent in cleavage embryos 20
( Supplementary Figures 1 and 8 Conceptually, meroblastic cleavages in fish are thought to be incomplete due to 18 the lack of an intact yolk membrane and thus prevent isolation of intact and viable blastomeres. Three lines of evidence point to the intactness of yolk membrane in 20 early medaka embryos, leading to our choice for this organism for single blastomere isolation. In situ hybridization reveals that maternal RNAs often do 22 not completely enter the cellular blastodisc but leave a substantial level in the yolk to form an area beneath the blastodisc, indicating the presence of a barrier between the yolk and blastodisc as early as the 2-cell stage. Furthermore, the 2 yolk membrane together with the blastoderm is easily separable from the yolk.
Convincingly, fluorescent dye injected in the vegetal yolk completely remains in 4 the yolk, demonstrating the physiological integrity of the yolk membrane.
Therefore, medaka is unique among organisms with meroblastic cleavages in its 6 accessibility for blastomere isolation at the cleavage stages. In this regard, mammalian embryos must be also accessible for blastomere isolation because of 8 complete cleavages. Second, we show that early blastomeres can survive and divide in single cell culture in the absence of any feeder cells. Third, we reveal 10 that early blastomeres manifest motility upon isolation, in contrast to previously Taken together, we have successfully developed a novel ability to isolate and cultivate individual blastomeres of early medaka embryos and investigated 12 their fate choices. It is evident that the single cell culture system is ideal for fate tracing in vitro under defined culture conditions without an intact embryonic 14 environment. Our success is ascribed to the blastomere accessibility for isolation and well-defined culture conditions 10,13,35 . We believe that this single cell culture 16 system can be developed also in other organisms to trace the behaviors/fates at the single cell level in culture, offering invaluable lights on the mode, process and 18 mechanisms of various cell fate choices.
METHODS 20
Embryo microinjection and cell culture. Embryos were microinjected with 50 ng of H2Bgfp RNA at the 1-cell stage as described 36 . Embryo manipulation, cell 22 isolation and culture were done essentially as described 8,10-13 . Briefly, embryos were treated with proteinase K (10 mg/ml) for 60 min at 28°C to remove the attachment filaments, rinsed twice in phosphate-buffered saline (PBS) and 2 sterilized in PBS-0.1% bleach for 2 min, and rinsed 5 times in PBS. Embryos were incubated in PBS and monitored for developmental stages under aseptic 4 conditions. The chorion was manually torn with a pair of fine forceps at the vegetal half. For embryos at 32-and 64-cell stages, cells were dissociated by 6 gentle pipetting. For embryos at the 16-cell stage, cells were individually dissociated by using a fine forceps to prevent damage. Healthy cells were 8 seeded by pipetting into gelatin-coated 96-well plates containing 150 μl of ES cell culture medium ESM2. Within 10 min of seeding, the plates were monitored 10 under an invert microscope to ensure that one cell was present each well. Cell growth, attachment, proliferation and differentiation were monitored at regular 12 intervals of culture at 28°C in air.
Procedures for fish maintenance, gene cloning, RNA synthesis and in situ 14 hybridization were performed as described in Supplementary Methods. 
